This diagnostic study explores the generation of decadal variability in the North Pacific resulting from the asymmetry of the El Niño-Southern Oscillation phenomenon and the nonlinearity of the atmospheric tropical-extratropical teleconnection. Nonlinear regression analysis of the North Pacific sea surface temperatures and atmospheric fields with respect to the ENSO index reveals that the main teleconnection centers shift between El Niño and La Niña years. This asymmetry in the ENSO response, together with the skewed probabilistic distribution of ENSO itself, may contribute to the generation of the long-term decadal variability of sea surface temperatures in the extratropical North Pacific. It is argued that this hypothesis may explain the significant variance of the observed Pacific decadal oscillation in the extratropics.
Introduction
The pattern of the Pacific decadal oscillation (PDO) has both tropical and extratropical loadings in both hemispheres. Still unresolved is the debate whether this mode of Pacific climate variability originates from the tropical Pacific or whether it is created by atmosphereocean instability in the extratropics.
Based on a coupled general circulation model (CGCM) simulation, Latif and Barnett (1996) proposed that positive air-sea interactions in conjunction with the propagation of oceanic midlatitude Rossby waves could give rise to a delayed-action oscillator type of decadal North Pacific (NP) coupled mode that bears some similarities with the observed PDO. In later modeling studies (Schneider et al. 1999) , the importance of coupled air-sea interactions for this mode was relaxed and the importance of stochastic forcing and the spatial resonance mechanism (Saravanan and McWilliams 1997) was highlighted. Several possibilities exist to communicate the extratropical decadal signals into the Tropics. Among these possibilities is the Gu and Philander (1997) hypothesis of advecting extratropical temperature anomalies on the isopycnal surfaces into the tropical Pacific, which has received a great deal of attention. However, further quantitative estimates (Schneider et al. 1999; Nonaka et al. 2002) revealed that this pathway is rather inefficient for the generation of decadal variability in the tropical Pacific. The footprinting mechanism (Vimont et al. 2003) may also help to communicate extratropical signals into the tropical Pacific as well as decadal transport changes of the subtropical cells (Kleeman et al. 1999; Nonaka et al. 2002) . Alternatively, Bratcher and Giese (2002) , Giese et al. (2002) , and Luo et al. (2003) suggested that the decadal signals in the tropical Pacific originate from the South Pacific.
In addition to the extratropical forcing mechanisms, several tropical mechanisms have been suggested, which may explain the presence of decadal variability in the tropical and extratropical Pacific. Neglecting ocean dynamics, even the mixed layer has the ability to integrate the stochastic momentum and heat fluxes, yielding a red-noise spectrum (Hasselmann 1976 ) and, hence, enhanced variance on decadal time scales.
Another source for ENSO irregularity (chaos), and hence decadal variability in the tropical Pacific, is the nonlinear interaction between ENSO and the annual cycle (Jin et al. 1994; Tziperman et al. 1994) . For certain coupling strengths the annually varying background state in the tropical Pacific can trigger low-dimensional ENSO chaos as a result of nonlinear resonances and the devil's staircase. Timmermann and Jin (2002) , Timmermann et al. (2003) , and Timmermann (2003) hypothesize that ENSO chaos as well as the emergence of decadal El Niño bursting can be generated without invoking extratropical processes or the tropical annual cycle or stochastic forcing. Timmermann et al. (2003) argued that a heteroclinic connection in phase space between a saddle node (weak La Niño state) and the saddle point (radiativeconvective equilibrium) organizes ENSO dynamics in a particular way: ENSO variations grow until they reach the maximum intensity El Niño, then a quick reset takes place and the small ENSO variations grow again. Because of the skewness of El Niño and La Niña in this model, the decadal growth of the ENSO amplitude is immediately translated into decadal background state changes. Hence, decadal tropical variability is a residuum of the skewed ENSO amplitude modulations. This idea had been supported by Timmermann (2003) using a CGCM simulation and by Rodgers et al. (2004) . Given the strong atmospheric teleconnection from the tropical Pacific to the extratropical North and South Pacific, decadal variability in the extratropical Pacific can be easily triggered from decadal changes of ENSO and the associated changes of the climate background condition. This scenario may also explain why the PDO exhibits such a strong equatorial symmetry. Furthermore, additional persistence of the teleconnections and extratropical SST anomalies may originate from dynamical changes in the extratropical ocean or the reemergence mechanism (Alexander et al. 1999) .
Our study addresses the following questions: Is the extratropical component of the PDO just the residuum of very strong El Niño events? How much of the decadal North Pacific SST variability can be explained in terms of the decadal modulations of ENSO and atmospheric teleconnections? In the following, section 2 describes two processes that generate the skewed North Pacific interannual SST variation. In section 3, we show how the skewed interannual SST variations are rectified into the background state, thus generating the decadal variation over the North Pacific. In section 4, the main factors to generate the nonlinear teleconnection are discussed. The concluding remarks are given in section 5.
Asymmetric interannual SSTA variation in the North Pacific
The anomalous tropical heating associated with ENSO perturbs the large-scale atmospheric circulation resulting from Rossby wave propagation into the North and South Pacific sector (Hoskins and Karoly 1981) , thereby altering also extratropical SST via heat flux anomalies. Interestingly, this teleconnection is not simply linear; teleconnections during La Niña have a larger magnitude than those during similarly strong El Niño events (Hoerling et al. 1997) . This asymmetric (i.e., nonlinear) teleconnection can be extracted by a projection method using nonlinear regression analysis (Wu and Hsieh 2004) . Nonlinear regression and composites (Hoerling et al. 1997 (Hoerling et al. , 2001 ) yield similar results for the asymmetry of the ENSO teleconnection. Using the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) and the Extended Reconstructed Sea Surface Temperature, version 2 (ERSST.v2) (Smith and Reynolds 2004) , we compare the nonlinear regression between Niño-3 SST anomalies (SSTAs) (area-averaged SST over 5°S-5°N, 150°-90°W) and the 500-hPa geopotential height (GPH) anomalies and the SSTA field in the North Pacific, respectively. Figure 1 shows the nonlinear response pattern of 500-hPa GPH and SSTA over the North Pacific during the boreal wintertime to SSTA in the Niño-3 area. The nonlinear response function is defined as follows:
where x is the state vector, E i is the eigenvector obtained by the empirical orthogonal function (EOF) of GPH or SST over the North Pacific, and C i is the nonlinear regression function, which represents the nonlinear fitting curve between the EOF principal component (PC) time series and Niño-3 index. We use the five leading EOF modes; thus, N ϭ 5. The nonlinear function (C) has been obtained by using the artificial neural network (NN). In the present NN approach, we use only one input variable (Niño-3 SST) and five output variables (EOF PCs). This approach is very similar to that used by Wu and Hsieh (2004 Hoerling et al. (1997) . The GPH response to ENSO shows that not only the amplitude but also the location exhibits asymmetric features. In comparison with the weak SSTA forcing case, the GPH pattern associated with El Niño is shifted more southeastward (around 40°N, 150°W), whereas that associated with a strong La Niña shifts to the northwest (around the date line, 50°N). This zonal shift of the GPH pattern can be attributed to the difference in the location of the tropical heat source for El Niño and La Niña events (Hoerling et al. 1997; Kang and Kug 2002) . The anomalous atmospheric circulation induces the anomalous latent heat fluxes and anomalous oceanic vertical mixing, with a direct impact on the generation of the SST anomaly in Fig. 1 . Comparing the anomalous heat fluxes associated with the eastward shift of the strong La Niña teleconnection with the mean circulation, it becomes apparent that the eastward shift of the center of action is accompanied by relatively large SST responses. As expected, the nonlinear regression pattern of the latent heat flux to the Niño-3 SSTA also shows asymmetric features with respect to Niño-3 SSTA. The warming (cooling) resulting from the latent heat flux anomalies during strong La Niña (El Niño) events is strongly contributing to the generation of a positive (negative) SSTA in the Fig. 1 . We will discuss this point further in section 4. In addition to the nonlinear response of the North Pacific SSTA anomalies to ENSO as shown in Fig. 1 , the asymmetry of ENSO (Burgers and Stephenson 1999; Timmermann 1999; An 2004a ) may also influence the asymmetric behavior of North Pacific SST variations.
A very suitable way to identify the asymmetric character of ENSO is the independent component analysis (ICA) (Comon 1994; Hyvärinen and Oja 2000) . In contrast to correlation-based transformations, such as EOF analysis, ICA decorrelates the signals (second-order statistics) and efficiently reduces higher-order statistical dependencies, thus making the signals as independent from each other as possible. This allows the ICA to detect skewed and non-Gaussian signals in multivariate signals.
A fast fixed-point algorithm for the ICA (Hyvärinen and Oja 1997) was applied to the observed SSTA data from 1950-2000 in the tropical band from 20°S to 20°N. The projection pattern of ICA mode 1 (2) is similar to that of EOF mode 2 (1). However, ICA mode 1 localizes the regions where the asymmetry between El Niño and La Niña is most pronounced (Fig. 2a) . It explains 33% of the variance in the SST anomaly fields. A very interesting result is that the locally explained variance of this mode is confined to the eastern part of the tropical Pacific. In the easternmost part of the tropical Pacific nonlinear terms play a dominant role in the heat budget of the mixed layer. The second ICA projection pattern explains 19% of the total variance in the field. It is similar to the leading EOF mode, but more constrained to the equator. The pattern of locally explained variability (not shown) highlights a dipole structure with maxima over the central equatorial Pacific and the warm pool region. These results highlight the nonlinear processes causing the asymmetry in the eastern basin, which are decoupled from the warm pool region. The EOF analysis cannot fully decouple these processes in the variance maximization projection pursuit.
The independent components are plotted against each other for the pre-1976 and post-1976 periods (Fig. 2) . As shown in Fig. 2 , El Niño is typically stronger than La Niña. As shown previously (An 2004a ), the El Niño-La Niña asymmetry has become more dominant since the late 1970s (e.g., An 2004a; , which is a feature clearly captured by the ICA. The difference between the two panels in Fig. 2b shows that the El Niño-La Niña asymmetry undergoes interdecadal changes. In the following section, we will show how this decadal change in the El Niño-La Niña asymmetry and the teleconnection can be a contributor to the generation of the decadal variability of the North Pacific SST.
Nonlinear rectification
In this section we describe a simple experiment that helps to quantify the effects of the nonlinear teleconnection and ENSO asymmetry on North Pacific SSTA variability. We use the nonlinear regression function defined in Eq. (1), (x,Nino), for the total response, including both the linear and nonlinear responses. For the idealized experiment, we calculate the residual between the NP SST/GPH responses to El Niño and La Niña for the nonlinear response ((x,Nino) ϩ (x,-Nino); NON), and that for the linear response ([(x,Nino) Ϫ (x,-Nino)]/2; LIN) to a given forcing (i.e., Niño-3 index). Note that the "linear response" used here may contain the effects associated with the higher-order odd functions that are usually treated as the nonlinear function; nevertheless, these odd functions cannot generate the asymmetry so that their effects are neglected in this study.
The left panel of Fig. 3 shows the nonlinear NP SST response to symmetric ENSO forcing (NON-SYM). Here, the symmetric ENSO forcing (SYM) means that the amplitude of El Niño and La Niña are the same, while the asymmetric ENSO forcing (ASYM) indicates that the amplitudes of El Nino and La Niña are different. When the ENSO amplitude is 2°or 3°, 1 the North Pacific SSTA exhibits a horseshoe-like pattern with a SST anomaly of ϳ0.5°-1.5°amplitude. Note that the increase of the forcing amplitude results in an increase of the response of NP SST, but the relationship between the forcing and response is not simply linear. For a small-amplitude forcing of 1°, the response of North Pacific SSTA is very weak, indicating the neither the nonlinear teleconnection nor the rectification effect are significant. In the center panels of Fig. 3 , we show the linear NP SST response to the asymmetric ENSO forcing by considering only the linear teleconnection effect. We consider the case of a positively skewed ENSO, similar to the observations. As expected, when El Niño events are stronger than La Niña events, the central NP SST be- projection patterns of the (top) first and (bottom) second independent components; (c) scatter (dots) and probability density estimates (PDF) of the independent components. Blue (red) dots denote months 1950-75 (1976-99) . The contour lines show the kernel estimates of the PDF.
comes negative, and the large difference in amplitude between El Niño and La Niña results in a large response of NP SST.
Finally, we consider the nonlinear teleconnection and asymmetric ENSO forcing effects at the same time (right panel of Fig. 3) . By considering the nonlinear teleconnection, the residual of NP SST is reduced compared with the counterpart of the linear teleconnection. This is due to the relatively strong La Niña influence through the nonlinear teleconnection (lower left). For the Ϫ2°and 3°ENSO forcing (the right-lower panel), the NP SST shows the positive response in the central NP, in which the nonlinear teleconnection effect somehow overwhelms the asymmetric forcing effect. In the pre-1980s ENSO variations were quite symmetric, whereas in the post-1980s ENSO variations were positively skewed, as shown in Fig. 2 . Obviously the fact that the central Pacific SSTA was positive during the pre-1980s and negative during the post-1980s (Zhang et al. 1997 ) corresponds to our simple statistical model experiment (see the middle panels of the first and third column, respectively).
For the transient experiment, we adopt Newman et al.'s (2003) method. They proposed a simple model for the hindcast of the annually averaged PDO index. The idea is based on the fact that the North Pacific acts to redden not only atmospheric noise, but also the ENSO signal. Based on their idea, we propose a simple alternative model for the NP SSTA that is utilizing the nonlinear concepts described here. We choose
where P is the NP SST, E is the ENSO index (here, Niño-3 index), and is the nonlinear function defined at (1). The ␣ represents the reddening factor (An and Wang 2005) , or physically "the re-emergence effect" (Alexander et al. 1999) . The results are sensitive to the value of ␣ in the sense that smaller values for ␣ dominate the shorter time-scale variability. However, the low-frequency behavior is rather insensitive to ␣. Here, we choose ␣ ϭ 0.7, which is similar to the choice in Newman et al.'s model. The main difference of our model from that of the Newman et al. (2003) model is to consider the nonlinearity and to also forecast the spatial pattern. It should be mentioned, however, that because the response function has been obtained by using five leading EOF modes for the boreal winter mean data, the prediction skill of this model may not be better than variability in the NP resulting from the nonlinearity of the teleconnections. This result indicates that the decadal modulations of ENSO amplitude alone without decadal mean variations in the forcing can induce the decadal variation of NP SST. As a further experiment, the asymmetric ENSO forcing is given with an amplitude modulation with a 20-yr period. Local mean values are zero (i.e., nondecadal variation), but the skewness is positive. Resulting from the skewed ENSO forcing, the long-term variation of NP SST becomes negative for a certain period. Again, decadal variation emerges.
Finally, the observed Niño-3 index is given as a forcing. The correlation between the simulated NP SST and the observed NP SST for the recent 50 yr is 0.38, which is exceeds the 95% significance level. However, for the early century the correlation is insignificant at this level. In addition to interannual ENSO-forced variability, the NP SST variations are also characterized by interdecadal time scales. The decadal variation of the Niño-3 index is observed, and thus the forcing itself exhibits decadal variations of the background state as shown in the figure. This decadal variation of the Niño-3 forcing could also directly generate decadal variations of NP SST, even via linear teleconnections. After taking out the local mean (i.e., 15-yr running mean) from the original Niño-3 time series, the Niño-3 time series that has no decadal mean variations still generates decadal variations of NP SST with reduced amplitude (50%), through the nonlinear teleconnection and asymmetric ENSO forcing. Without decadal mean variations of ENSO forcing, the model-simulated NP SSTA hardly drops below zero in this hindcast experiment. This might be due to the competition between the nonlinear teleconnection and the skewed ENSO forcing. Thus, we suggest that observed NP SSTA obtains an important contribution from a combination of the direct influence by the decadal tropical forcing and the nonlinearly rectified influence resulting from the decadal modulation of ENSO. It should also be mentioned that the decadal SST variations in the tropical Pacific might be partly due to the nonlinear rectification of decadal amplitude modulations of ENSO Rodgers et al. 2004 ). Therefore, the decadal changes in the North Pacific SST contain significant contributions from the decadal modulation of ENSO in both direct and indirect ways.
To compare the spatial distributions of the decadal change of North Pacific SSTA between those observed and simulated, we calculated the difference between the averaged North Pacific SSTA for 1956-75 and that for 1980-99. The ERSST data are used for the observed change, and the previous model results are used for the simulated decadal change. The results are shown in Fig.  5 . Because the model is composed by a statistical relationship under the first-order approximation, we would not expect that the simulated SSTA is so realistic. In this sense, rather than the comparison in the quantity, the comparison in quality is appropriate. The reconstructed and observed patterns generally are quite similar. Particularly, the simulated SSTA pattern to the east of the date line, where ENSO has a strong influence, is quite similar to that observed. On the other hand, SSTA over the west of the date line, including the Kuroshio extension, possibly resulting from the oceanic zonal advection or the local atmospheric stochastic forcing (Schneider and Cornuelle 2005) is less similar to the observation.
Discussion on the main factor driving the nonlinear teleconnection
The mechanism on the dynamical linkage between ENSO and North Pacific atmospheric circulation through the atmospheric teleconnection (e.g., Hoskins and Karoly 1981) is well known. Obviously, changes in the atmospheric circulation induce changes in the sea surface temperature over the North Pacific by modifying the surface heat fluxes and thermal dynamical advection in the ocean. Because our aim is to address the role of ENSO in the generation of the decadal variation of SST over the North Pacific a question we have to further address is what factors drive the nonlinear SST response in the North Pacific. In this section, we focus in particular on the surface heat flux (especially, latent heat flux).
First, we calculate the composite maps for El Niño and La Niña events separately. For the composite, five El Niño and five La Niña events were selected. To obtain the asymmetric component (which can be referred as the nonlinear component), we simply add the El Niño and La Niña composites as in Hoerling et al. (1997) . Figure 6a shows the asymmetric component of SST anomalies over the North Pacific. Because of the dominance of the La Niña effect, the positive SST anomaly over the central area of North Pacific and the negative SST anomaly in the eastern side of the North Pacific are observed. This feature can be also easily expected from the NN pattern of SSTA in Fig. 1 .
The asymmetric component of the SST anomalies over the North Pacific could be related to the nonlin- earity of the surface heat flux and also that of the thermal advection in the ocean surface layer. This is because the changes in the atmospheric circulation might modify the heat budget of the ocean surface layer by changing either the surface heat flux or thermal advection by modifying the ocean surface current. Because the role of the thermal advection is beyond our scope, we concentrate on the change in the surface heat flux. In particular, we examine the latent heat flux by separately considering wind speed effect and the moisture 
FEBRUARY 2007
A N E T A L .
effect on the latent heat flux. The conventional latent heat flux is written as following:
where the overbar indicates the climatological mean; q s and q a indicate the mixing ratio at surface and the mixing ration of the surface air, respectively; and the surface wind at 2 m is used for this calculation. Now, approximately the change of the latent heat flux associated with the wind speed and with the moisture can be represented as
Assuming that surface air over the cool ocean surface is nearly saturated and using the Clausius-Clapeyron equation, Eq. (4) is approximated as follows:
Using Eq. (5) and in the same way as for Fig. 6a , the asymmetric component of the latent heat flux anomalies associated with the wind speed change is calculated and shown in Fig. 6b . The negative (positive) flux anomaly indicates the warming (cooling) tendency of SST. The negative asymmetric component of the flux anomaly in the central North Pacific and the positive asymmetric component of the flux anomaly are overall well matched with the positive and the negative asymmetric components of the SST anomaly, respectively. On the other hand, the asymmetric component of the latent heat flux anomaly associated with the moisture change (shown in Fig. 6c ) in the central North Pacific, which is calculated by using Eq. (5), is very weak and not well organized. The negative asymmetric component is pronounced over the Kuroshio region, where the weak asymmetric component of SST anomaly is observed. Thus, the nonlinear teleconnection may be attributed to the nonlinearity of the latent heat flux resulting from the changes in the wind speed.
Another possible cause of the nonlinear teleconnection is related to the change in the mixed layer depth. The deep (shallow) mixed layer is related to cold (warm) SST anomaly by more (less) turbulent vertical mixing under stratified ocean. Figures 7a and b show the mixed layer depth anomalies associated with El Niño and La Niña composites, respectively. The the University of Maryland Simple Ocean Data Assimilation (SODA) data are utilized for January 1958-December 2001 (Carton et al. 2000) . Mixed layer depth was defined as a level where the temperature difference from SST is less than 0.5 K. As shown in Figs. 7a and 7b , during the El Niño (La Niña) events, the deep (shallow) mixed layer depth is observed over the central North Pacific. Because the mixed layer depth is roughly proportional to the wind speed, the response of the mixed layer depth can be expected from Fig. 1 . The deep (shallow) mixed layer is linked to the cooling (warming) SST tendency, referring to the fact that the anomalous oceanic mixing process is also another factor to induce the NP SST responses associated with ENSO. Figure 7c shows the asymmetric component of the mixed layer depth. Over the west of the date line, the asymmetric component of the mixed layer is negative, possibly related to the negative asymmetric SST component (as shown in Fig. 6a ), while it seems that the mixed layer depth response on ENSO forcing itself has no significant asymmetric component over the central North Pacific, indicating that the mixed layer response is quite linear.
However, the change of the mixed layer depth itself has a crucial nonlinear effect on the SST change indirectly. That is, the deep (shallow) mixed layer depth makes SST to be less (more) sensitive to a given surface heat flux. In this regard, even the response of the mixed layer depth on ENSO forcing is linear; the net effect of the mixed layer change can induce the nonlinear response in the SST anomaly. During the El Niño events the mixed layer depth is deepened, which is supposed to act as the smaller cooling effect, while the shoaling of the mixed layer depth during La Niña acts as the intensification of the warming effect. Therefore, the mixed layer depth change associated with ENSO plays an important role in the intensification of the asymmetric component induced by the surface heat flux. It should be noted that changes in the mixed layer depth are induced by the ENSO teleconnection, and thus the atmospheric teleconnection is considered as the main factor used to generate the asymmetric component of the SST over the central North Pacific through the combined effect of the latent heat flux and the mixed layer depth.
Concluding remarks
The midlatitude atmospheric circulation patterns such as the Pacific-North America (PNA) pattern are internal modes of atmospheric variability, which can be further excited by external forcing such as by tropical SST anomaly forcing associated with ENSO (An and Wang 2005) . For our purposes the internal variability of the atmospheric modes can be considered as a noise source, whereas the teleconnection contribution from ENSO is regarded as the signal. Our analysis has focused on this signal component and it was shown that even symmetric ENSO forcing could generate an asymmetric response in the atmospheric teleconnections, asymmetric North Pacific heat flux anomalies, and subsequently asymmetric North Pacific SST anomaly. As shown in idealized experiments resulting from this nonlinear teleconnection, decadal/interdecadal changes in the amplitude of ENSO can generate decadal/interdecadal variations in the mean of North Pacific SST anomaly. In addition, ENSO itself has asymmetric components that modulate the strength of the teleconnections. Many studies offered generation mechanisms of the Pacific decadal oscillation (PDO)/variability. One of them stressed the local deterministic instability (e.g., Latif and Barnett 1996) , and the other the stochastic response of the ocean (e.g., Saravanan and McWilliams 1997) . The remote effect rather than the local process has been argued by other studies (e.g., Gu and Philander 1997; Newman et al. 2003) . Our work adds more weight to the remote route from the tropical (especially El Niño) to the midlatitude Pacific. Furthermore, we demonstrated here that the remote route is nonlinear.
The nonlinear rectification resulting from the asymmetric ENSO forcing and the nonlinear teleconnection may not be limited to the North Pacific only, but also to the tropical Indian (Klein et al. 1999; Xie et al. 2002) and Atlantic (Lanzante 1996) Oceans. The relationship between the Indian (also the Asian monsoon) and Pacific Oceans underwent some interdecadal changes (Ashok et al. 2004) , which are, however, weaker than those expected just from random processes (Gershunov et al. 2001) . Whether the nonlinear rectification effects described in this paper and those described in Timmermann (2003) and Rodgers et al. (2004) have an influence on the Asian monsoons or on the South Pacific climate or the Indian Ocean zonal mode (An 2004b ) is an important question that will be addressed in our next study. and editor's constructive comments. This work was supported by the SRC program of Korea Science and Engineering Foundation, and the Brain Korea 21 project. 
APPENDIX

Independent Component Analysis
A common practice in climate research is to decompose spatiotemporal climate variability into spatial patterns and associated time indices. The EOF analysis is often applied to separate the signals (so-called climate modes) from noise. The underlying assumption is that these signals exhibit a large portion of variability in a spatially organized structure. The EOF analysis is seeking projection directions (patterns) that maximize the variance in a multivariate data field. To find these directions, only second-moment statistics are needed. If the multivariate probability density function (PDF) is Gaussian, then the projection indices (principal components) are uncorrelated and are also statistically independent. However, the variance maximization criterion does not take into account higher statistical moments in non-Gaussian multivariate data, such as skewness or kurtosis. In our analysis of the SST we found strong evidence for skewed, non-Gaussian distribution of the SST. In case of non-Gaussianity, the EOF-based indices (and patterns) are uncorrelated but not statistically independent. To separate mutually independent climate modes in observed SST fields, it is necessary to find projection patterns that are statistically independent.
The independent component analysis (ICA) is a multivariate statistical method that has the goal of extracting statistically independent signals from observed variables. In practical applications it is best applied to centered and whitened multivariate data. Therefore, it can be understood as a rotation of the leading EOF modes. The rotation of the EOF projection patterns is done in a way that minimizes the statistical dependence of the projected indices. Also, these directions maximize the non-Gaussianity in the PDF of the projected data. In terms of information theory, the less Gaussian the PDF the more information contained in the PDF. Reconsidering the central limit theorem-that the sum of independent random variables generally results in a more Gaussian distribution than any of the individual variables-the maximization of the non-Gaussianity is a way to unmix a sum of independent non-Gaussian variables.
Assume a multivariate random variable x (which an n-dimensional column vector). The vector x is the linear combination of n statistically independent signals (represented in a vector s). In matrix notation, x ϭ As. ͑A1͒
The matrix A is an n ϫ n matrix and it is implicitly assumed to be invertible (i.e., each observable variable in x represents a different linear combination of the signal processes). Without loss of generality, the observations can be centered and normalized to unit variance. The ICA also assumes unit variance and zero mean for the signals. The ICA is trying to find the linear combinations of the observations that uncover the underlying signal processes as y ϭ w T x. ͑A2͒
The search algorithm of the ICA tries to find the projection direction w T that maximizes the nonGaussianity of w T x. We used the "fast ICA" algorithm (Hyvärinen and Oya 1997) in the statistical software package "R." The algorithm measures the nonGaussianity of y in terms of negentropy, J͑y͒ ϭ Ϫ ͵ f g ͑y g ͒ log͓f g ͑y g ͔͒ dy g Ϫ ͭ Ϫ ͵ f͑y͒ log͓f͑y͔͒ dy ͮ , ͑A3͒
where f g ( y g ) represents the Gaussian distribution with the same variance as y. Several approximations for J( y) are discussed in Hyvärinen and Oja (2000) . Instead of estimating higher statistical moments directly, the fast ICA applies nonlinear contrast function of y. By estimating the first-moment statistics from such a transformed variable the estimation becomes more robust to outliers.
Starting from an arbitrary projection direction w, an approximate Newton iteration scheme is applied to find the w that maximizes J( y), given the observations of x. The signals can be extracted in a step-by-step process or in a parallel multidimensional mode.
To simplify and stabilize the search algorithm an EOF-based prewhitening of the multivariate observations is applied prior to the ICA:
The matrix E contains the eigenvectors, D is a diagonal matrix containing the eigenvalues (d i )
1/2 , i ϭ 1, . . . , n. In this step one can further reduce the dimension of the observational space by retaining only the leading eigenmodes in the matrix E, D.
It is important to note that the resulting independent components y i are comparable to the principal components of the EOF analysis, and the projection pattern w i can be understood as rotated eigenvectors of the EOF. Unlike the EOF, the order of the independent components is arbitrary. The results of the ICA strongly depend on the EOF truncation. In our application we varied the number of EOFs retained in the prewhitening process. Our prior EOF analysis suggested that most of the ENSO-related skewness is distributed on the three leading EOF modes, and a number of three or four EOF modes produced robust results in the ICA. However, when the sample size of the observations x is relatively small (600 month of SST anomalies in our case) the inclusion of higher EOF modes increases the risk of being trapped in local maxima, which destabilizes the ICA results. It should be noted that the ICA fails in detecting Gaussian signals. Without significant deviations from the Gaussianity, the optimum projection directions are difficult to detect.
